TABLES
Jon Carmack, AFC National Technical Director welcomed everyone to the meeting and Frank Goldner, DOE AFC Federal Projector Director, discussed the R&D strategy for Enhanced Accident Tolerant Fuels development. He presented the near term feasibility assessment schedule (see Figure 1 ) that shows the types of testing and analysis that could be used to enhance the R&D cycle or to pre-screen initial concepts. The following list of desired meeting outcomes was presented. Each is addressed in the summary section of this report. Representatives from the three recently awarded Nuclear Energy University Programs (NEUP) Integrated Research Projects (IRP) and the three industry-led Funding Opportunity Announcement (FOA) research projects provided early updates on the status of their projects.
Each enhanced accident tolerant fuels development project, whether industry, university, or national laboratory, was asked to complete a "test plan" matrix designed to gather preliminary information on testing needs for each concept being developed. The key headings of the matrix are included in Table 1 . A facilitated discussion was held on the second day of the meeting to validate the order and type of prescreening tests needed to demonstrate initial viability for enhanced accident tolerance and to identify the associated performance criteria.
• Review general classification of initial prescreening tests and validate the order.
• Define the performance demonstration metrics for the initial prescreening tests.
• Define the path forward to accident tolerant tests.
The industry-led FOA and university-led IRP teams are developing and evaluating both advanced cladding and advanced fuel concepts, in addition to one IRP team that is focusing on a complete reactor concept. The list below provides a brief introduction to each team and the key concepts of interest.
FOA Teams
• Westinghouse - • MAX phase ceramic coatings
• Graded interface architecture (multilayer) ceramic coatings, using yttriastabilized zirconia (YSZ) as the outer protective layer The following sections of this report document the outcome of the facilitated session.
Cladding and Coatings Performance and Testing
Early pre-screening tests must demonstrate that a concept improves on one or more of the key attributes provided in Figure 2 to be considered an "accident tolerant" fuel or cladding option that will then be recommended to move forward in the testing sequence. Based on these safety-related issues, metrics for quantifying the enhancements in accident tolerance must be developed in conjunction with the safety features of a given LWR design and based on specific accident scenarios. Several key issues and assumptions were identified during the discussion period prior to identifying the preferred order of pre-screening tests.
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Assumptions
• The coating or alternate cladding material under consideration does not negatively impact reactor performance (e.g. based on known properties, material considered meets basic requirements for use in a fuel pin).
• Concepts have been selected based on general material knowledge and initial computational analyses as part of the proposal process.
Considerations/Issues
• Determine how much coating will / should remain on the rod during normal handling, installation, normal operation and accident conditions.
• If coating flakes off due to erosion or corrosion processes, determine how the coating debris may affect the reactor during operation (assessed via corrosion/erosion tests, chemical compatibility tests, and computational analyses)
• Identify any non-desirable properties at the cladding / fuel interface (assessed via interdiffusion, porosity tests)
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• Coating adhesion to the substrate material can be assessed via a scratch test down to the coatingcladding interface and/or an extreme bend test. The full depth scratch test may be overly conservative; strain tests or tests that simulate creep down should be considered.
• The ability to fully, consistently coat the cladding rod and endcaps and to evaluate the integrity and thickness of a coating may be exceedingly difficult. Coating techniques and evaluation tools must address this issue.
• Modeling or experimental demonstration is needed to determine the rate of oxidation in the substrate cladding tube after burn through of a 1% point exposure in the cladding coating. Modeling results will provide an estimate for coping time under severe accident conditions.
• A common cladding test that simulates severe accident conditions should be developed. Computational analyses should estimate the temperature gradient along the cladding during an accident; this gradient should be measured during severe accident test scenarios.
Standard Environmental Conditions for Normal Operation Testing
• PWR -360°C Water at 2700 psi
• BWR -400°C Water at 1500 psi steam
Prioritized "Screening" Tests for Coated Cladding
A set of prioritized screening tests for advanced cladding designs was proposed at the Enhanced Accident Tolerant LWR Fuels National Metrics Workshop in October 2012. 1 This set of initially proposed tests was used as a starting point for the discussion on screening tests for coated cladding. Only minor adjustments were made to the proposed order of screening tests; the modified list of screening tests is provided below. The purpose of this set of preliminary tests is to show basic concept viability and to provide justification that the concept could meet the definition of "accident tolerant." Note that the series of tests listed assumes that basic fabrication constraints have been met. The fabrication processes required (e.g., fabrication temperatures, annealing, etc.) must be such that the substrate cladding material will retain sufficient corrosion resistance and mechanical properties.
1. Coating Adhesion -Address initial adhesion affect of thermal cycling and adhesion when exposed to coolant flow (spall) and wear (fretting); would likely include some mechanical testing to demonstrate adhesion (e.g., bend tests).
2. Environmental Testing -Address performance at temperature before and after a standardized scratch test (which may or may not expose the underlying substrate) and with a small exposed region (e.g. full depth scratch down to the substrate). Evaluations would include corrosion, erosion, stress corrosion cracking, etc., when exposed to LWR water over a range of chemistry conditions.
3. Chemical Compatibility -Address coating / substrate compatibility (establish temperature limit). For designs that deviate from a standard zirconium alloy substrate and UO 2 fuel, compatibility between the fuel and substrate cladding material must also be demonstrated. identified; for non-metallic substrate materials (e.g. ceramic substrate) mechanical tests may be performed earlier in the test series to determine ductility, fracture behavior, and hermeticity.
6. Irradiation Environmental Testing -Could include sample coupons first, followed by fueled cladding tubes; determine affect of irradiation on mechanical properties. Testing could entail ion irradiation in advance of neutron irradiation. 
ASTM Industry Standards
New research concepts for enhanced ATF are not limited by current industry standards, but these standards can be used as solid guidance in the development of new concepts:
• D5139-12, Standard Specification for Sample Preparation for Qualification Testing of Coatings to be Used in Nuclear Power Plants.
This specification defines the size composition and surface preparation requirements for the preparation of test samples used for qualification testing of coatings utilized in nuclear power plant construction and maintenance. All panels should be carbon steel. Materials shall be tested for abrasion, and shall conform to specified requirements of steel samples, and concrete blocks.
• D5144-08e1, Standard Guide This test method is designed to provide a uniform test to determine the suitability of Coating Service Level 1 coatings used inside primary containment of light-water nuclear facilities under simulated DBA conditions. This test method is intended only to demonstrate that under DBA conditions, the coatings will remain intact and not form debris which could unacceptably compromise the operability of engineered safety systems. Deviations in actual surface preparation and in application and curing of the coating materials from qualification test parameters require an engineering evaluation to determine if additional testing is required.
•
C633 -01(2008), Standard Test Method for Adhesion or Cohesion Strength of Thermal Spray Coatings.
This test method is useful for comparing adhesion or cohesion strengths of coatings of similar types of thermal spray materials. The test should not be considered to provide an intrinsic value for direct use in making calculations, such as to determine if a coating will withstand specific environmental stresses. Because of residual stresses in thermal spray coatings, actual strength depends upon the shape of the particular coated part. Also, in use, a coating may be stressed in a more complex manner than is practical for a standard test. It is expected that testing per ASTM C633 will provide primary data on adhesion of thermal spray coatings as it gives a quantitative measurement of adhesion strength that can then be interpreted in conjunction with the failure analysis of the test sample, i.e. where the failure occurred, at the adhesive to coating interface/in the coating itself/at the coating-substrate interface. Semi-quantitative comparison of coating options should be possible.
• This test is intended to assess the mechanical integrity, failure modes, and practical adhesion strength of a specific hard ceramic coating on a given metal or ceramic substrate. The test method does not measure the fundamental "adhesion strength" of the bond between the coating and the substrate. Rather, the test method gives a quantitative engineering measurement of the practical (extrinsic) adhesion strength and damage resistance of the coating-substrate system as a function of applied normal force. The adhesion strength and damage modes depend on the complex interaction of the coating/substrate properties (hardness, fracture strength, modulus of elasticity, damage mechanisms, microstructure, flaw population, surface roughness, and so forth) and the test parameters (stylus properties and geometry, loading rate, displacement rate, and so forth).
• The pull-off strength of a coating is an important performance property that has been used in specifications. This test method serves as a means for uniformly preparing and testing coated surfaces, and evaluating and reporting the results. This test method is applicable to any portable apparatus meeting the basic requirements for determining the pull-off strength of a coating.
Variations in results obtained using different devices or different substrates with the same coating are possible (see Section 11). Therefore, it is recommended that the type of apparatus and the substrate be mutually agreed upon between the interested parties.
The purchaser or specifier shall designate a specific test method, that is, B, C, D, E, or F when calling out this standard.
Code of Federal Regulations
The following regulation applies to new research concepts for enhanced ATF concepts:
• 10CFR50.46, Acceptance criteria for emergency core cooling systems for light-water nuclear power reactors.
b)(1) Peak cladding temperature. The calculated maximum fuel element cladding temperature shall not exceed 2200° F (1204° C).
(2) Maximum cladding oxidation. The calculated total oxidation of the cladding shall nowhere exceed 0.17 times the total cladding thickness before oxidation. As used in this subparagraph total oxidation means the total thickness of cladding metal that would be locally converted to oxide if all the oxygen absorbed by and reacted with the cladding locally were converted to stoichiometric zirconium dioxide. If cladding rupture is calculated to occur, the inside surfaces of the cladding shall be included in the oxidation, beginning at the calculated time of rupture. Cladding thickness before oxidation means the radial distance from inside to outside the cladding, after any calculated rupture or swelling has occurred but before significant oxidation. Where the calculated conditions of transient pressure and temperature lead to a prediction of cladding swelling, with or without cladding rupture, the unoxidized cladding thickness shall be defined as the cladding cross-sectional area, taken at a horizontal plane at the elevation of the rupture, if it occurs, or at the elevation of the highest cladding temperature if no rupture is calculated to occur, divided by the average circumference at that elevation. For ruptured cladding the circumference does not include the rupture opening.
(3) Maximum hydrogen generation. The calculated total amount of hydrogen generated from the chemical reaction of the cladding with water or steam shall not exceed 0.01 times the hypothetical amount that would be generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the cladding surrounding the plenum volume, were to react.
(4) Coolable geometry. Calculated changes in core geometry shall be such that the core remains amenable to cooling.
(5) Long-term cooling. After any calculated successful initial operation of the ECCS, the calculated core temperature shall be maintained at an acceptably low value and decay heat shall be removed for the extended period of time required by the long-lived radioactivity remaining in the core.
